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Highwire Regulates Presynaptic BMP
Signaling Essential for Synaptic Growth
ory storage (Bailey and Kandel, 1993); however, the ra-
pidity with which some synapses, particularly dendritic
spines (Zito and Svoboda, 2002), can form or change
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Hermann Aberle,1,4 Richard D. Fetter,1,5
Guillermo Marques,2,6 Theodore E. Haerry,2,7
has led to the proposal that synaptic structural re-Hong Wan,1,8 Michael B. O’Connor,2
arrangements could also contribute to much faster pro-Corey S. Goodman,1,8 and A. Pejmun Haghighi1,3,*
cesses, such as learning (Mel, 2002; Stepanyants et1Department of Molecular and Cell Biology
al., 2002). A number of recent in vivo studies provideUniversity of California, Berkeley
supporting evidence for alterations in adult synapticBerkeley, California 94720
structures in response to changes in activity or experi-2 Department of Genetics, Cell Biology, and
ence (Knott et al., 2002; Trachtenberg et al., 2002). De-Development
spite increasing evidence of the importance of changesUniversity of Minnesota and
in synaptic morphology, we still know relatively littleHoward Hughes Medical Institute
about the molecular and cellular basis of synapticMinneapolis, Minnesota 55455
growth and change. What signaling pathways regulate
changes in synaptic structure? How are these pathways
influenced by activity and experience? What are theSummary
molecular building blocks produced or altered when
synapses grow and rearrange?Highwire (Hiw), a putative RING finger E3 ubiquitin
To address some of these questions, we have turnedligase, negatively regulates synaptic growth at the
to the glutamatergic neuromuscular junction (NMJ) ofneuromuscular junction (NMJ) in Drosophila. hiw mu-
Drosophila. We have undertaken systematic large-scaletants have dramatically larger synaptic size and in-
forward genetic screens to search for the genes required
creased numbers of synaptic boutons. Here we show
for the correct development and growth of these syn-
that Hiw binds to the Smad protein Medea (Med). Med
apses. We previously showed that mutants of a putative
is part of a presynaptic bone morphogenetic protein
E3 ubiquitin-protein ligase, Highwire (Hiw) (Wan et al.,
(BMP) signaling cascade consisting of three receptor
2000), have overgrown synapses. In contrast, mutations
subunits, Wit, Tkv, and Sax, in addition to the Smad in the bone morphogenetic protein (BMP) type II recep-
transcription factor Mad. When compared to wild- tor Wishful Thinking (Wit) and its subsequently identified
type, mutants of BMP signaling components have ligand Glass Bottom Boat (Gbb) have much smaller syn-
smaller NMJ size, reduced neurotransmitter release, apses (Aberle et al., 2002; Marque´s et al., 2002; McCabe
and aberrant synaptic ultrastructure. BMP signaling et al., 2003).
mutants suppress the excessive synaptic growth in Highwire was identified in a secondary anatomical
hiw mutants. Activation of BMP signaling, which in screen of a collection of Drosophila walking mutants
wild-type does not cause additional growth, in hiw (Wan et al., 2000) and is homologous to the C. elegans
mutants does lead to further synaptic expansion. protein regulator of presynaptic morphology (RPM-1)
These results reveal a balance between positive BMP (Schaefer et al., 2000; Zhen et al., 2000) and human
signaling and negative regulation by Highwire, govern- protein associated with Myc (PAM) (Guo et al., 1998),
ing the growth of neuromuscular synapses. which is highly expressed in rodent brains (Yang et al.,
2002). Drosophila mutants of hiw and C. elegans mu-
tants of rpm-1 both affect presynaptic development. InIntroduction
hiw mutants, NMJ synapse size becomes more ex-
panded, with increases in the length, number, and com-Synapse generation, elimination, and rearrangement are
plexity of synaptic arbors (Wan et al., 2000). The numbercharacteristics of the developing nervous system but
of synaptic boutons in these mutants is increased overalso occur in the adult brain (reviewed in Cline, 2001;
2-fold, and although the synaptic bouton size is reduced,Yuste and Bonhoeffer, 2001). This ability of neurons has
the ultrastructure of hiw mutant boutons appears essen-been suggested to be important for long-term changes
tially normal. Neurotransmitter release is impaired in hiwin synaptic strength underlying processes such as mem-
mutants, with approximately one-third of the normal
quantal content released. rpm-1 mutants have an irregu-
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vesicles where a number of proteins essential for synap-7 Present address: Department of Biological Sciences, Florida Atlan-
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Several lines of evidence suggest that one of Hiw’s func-8 Present address: Renovis, Inc., Two Corporate Drive, South San
Francisco, California 94080. tions may be as an E3 ubiquitin ligase. E3 ubiquitin
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ligases mediate the third and ultimate step in the pro- ceptors activate R-Smads by phosphorylation, allowing
them to complex with a nonphosphorylated co-Smad.cess of protein ubiquitination, which starts with the ATP-
dependent activation of ubiquitin by E1 enzymes and The R-Smad/co-Smad complex can then translocate to
the nucleus and, together with other cofactors, eitherculminates in its conjugation by E2 enzymes to specific
substrates selected by E3 ligases (Ciechanover et al., activate or repress transcription depending on the cellu-
lar context. This signaling pathway can typically be an-2000; Pickart, 2001). E3 ubiquitin ligases typically have
very restricted substrate specificity and have been tagonized by inhibitory Smads, which counteract the
action of R-Smads.shown to control many cellular functions and signaling
pathways (Ciechanover et al., 2000). Comparison of the Drosophila has representatives of all members of the
basic TGF-/BMP signaling cascade. There are sevenamino acid sequences of Hiw, RPM-1, and PAM reveals,
among other domains, a conserved C-terminal RING- Drosophila TGF- superfamily ligands, three type I re-
ceptors, and two type II receptors. During embryonicH2 zinc finger motif. There is an abundant body of evi-
dence that RING-H2 zinc fingers can function as E3 and imaginal tissue patterning, BMP ligands signal
through the type II receptor Punt (Put) (Wrana et al.,ubiquitin-protein ligases (reviewed in Freemont, 2000;
Pickart, 2001). Moreover, hiw mutants have a strong 1994b) and both of the type I receptors Thickveins (Tkv)
and Saxophone (Sax) (Brummel et al., 1994; Rubertegenetic interaction with mutants of the well-character-
ized deubiquitinating enzyme Fat Facets (Faf) (Huang et al., 1995; Haerry et al., 1998). The remaining type I
receptor, Baboon (Babo) (Brummel et al., 1999), is re-et al., 1995; Wu et al., 1999). Overexpression of either
Faf or the yeast deubiquitinating enzyme UBP2 in the quired for signaling in an Activin pathway.
We have shown that the other type II BMP receptor,nervous system leads to overgrowth of synapses and
defects in neurotransmitter release very similar to the Wit, is required in motoneurons for larval NMJ growth
and adult viability (Aberle et al., 2002; Marque´s et al.,defects seen in hiw mutants (DiAntonio et al., 2001). hiw
mutants have a 100% penetrant lethal genetic interac- 2002). wit mutants have dramatically smaller synapses,
with 50% fewer synaptic boutons than wild-typetion with overexpressed Faf (DiAntonio et al., 2001). Fur-
thermore, faf loss-of-function mutants can partially sup- NMJs, characteristic defects in synaptic ultrastructure,
and reduced neurotransmitter release. We have recentlypress the electrophysiological defects of hiw mutants,
though the synaptic overgrowth phenotype is not af- shown that Wit can bind to and receive a retrograde
signal from Gbb, which is required in muscles for normalfected. faf loss-of-function mutants alone do not alter
NMJ size or function, suggesting that other, yet to be NMJ growth (McCabe et al. 2003). gbb mutants have
similar synaptic defects to wit mutants, having smalleridentified, deubiquitinating enzymes may also function
at NMJ synapses. A number of studies have revealed NMJs, aberrant presynaptic ultrastructure, and reduced
neurotransmitter release. NMJ size in gbb mutants isthe importance of ubiquitination in a variety of other
processes in the nervous system (reviewed in Hegde rescued by postsynaptic restoration of Gbb, consistent
with a retrograde Gbb signal from muscles to presynap-and DiAntonio, 2002). Recent work has shown that ubi-
quitination plays an important role in axon guidance tic Wit; however, full restoration of normal neurotrans-
mitter release at the NMJ in gbb mutants also requires(Myat et al., 2002), axonal pruning (Watts et al., 2003),
postsynaptic remodeling (Ehlers, 2003), and synaptic Gbb expression in the nervous system (McCabe et al.
2003).efficacy (Burbea et al., 2002; Speese et al., 2003), to
name a few. Drosophila also have representatives of each of the
three intracellular Smad classes, with two R-Smads, oneWhile hiw mutants have excessive synaptic growth,
wit and gbb, mutants in a BMP signaling pathway, have co-Smad, and one inhibitory Smad. During develop-
ment, the R-Smad Mothers against Dpp (Mad) (Sekelskythe opposite phenotype: greatly reduced synaptic
growth (Aberle et al., 2002; Marque´s et al., 2002; McCabe et al., 1995) is activated by Tkv and Sax in response to
a BMP signal, while dSmad2 is activated by Babo inet al., 2003). BMPs are members of the transforming
growth factor  (TGF-) superfamily of secreted mole- response to the Activin-like ligands (Zheng et al., 2003;
T.E.H. and M.B.O., unpublished data). Mad and sax mu-cules (reviewed in Massague, 1998). BMPs play essen-
tial roles during development in both vertebrates and tants have recently been shown to affect synaptic devel-
opment (Rawson et al. 2003). The co-Smad/Smad4 ho-invertebrates (reviewed in Massague, 1998; Attisano and
Wrana, 2002), and the signaling mechanism of these molog Medea (Med) (Wisotzkey et al., 1998) is also
required for BMP signal transduction. The inhibitoryproteins is highly conserved (Raftery and Sutherland,
1999). BMPs, in common with other TGF- ligands, sig- Smad Daughters against DPP (Dad) has been shown to
inhibit BMP signaling during embryonic developmentnal through two distinct single-pass transmembrane
serine/threonine kinases known as type I and type II and in imaginal tissue (Tsuneizumi et al., 1997).
To identify interacting proteins and potential ubiquiti-receptors (Wrana et al., 1994b). Upon ligand binding,
type I and type II receptors form a heteromeric complex nation substrates for Hiw, we conducted a yeast two-
hybrid screen using portions of the Hiw protein as bait.that allows unidirectional phosphorylation by the kinase
domain of type II receptors of serine residues in the “GS We detected a specific interaction between Hiw and
the co-Smad Med. We isolated Med mutants from ourbox” of type I receptors (Wrana et al., 1994a). Phosphor-
ylation of the type I receptor activates its kinase ability forward genetic screen for synaptic mutants and found
that they alter NMJ structure and function in a mannerand allows it to interact with intracellular proteins known
as receptor-regulated Smads (R-Smads)(Wrana and At- similar to wit mutants. We also found that mutations in
the R-Smad Mad and type I receptors tkv and sax havetisano, 2000). Smads are a family of signal transduction
mediator proteins that can be divided into three classes: comparable reductions of NMJ size, and we linked these
components to a signaling cascade initiated by Wit.R-Smads, co-Smads, and inhibitory Smads. Type I re-
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Figure 1. Highwire Protein Interacts with Co-Smad Med
(A) Schematic of Hiw protein and the two regions of Hiw that were used as baits in a yeast two-hybrid screen: HWB1 and HWB2. HWB1
interacted positively with three proteins, while HWB2 interacted positively with only one.
(B) One of the HWB1 interacting proteins was identified as the C-terminal portion (aa 616–745) of the MH2 domain of Med.
(C) In vitro binding assay of Hiw to GST-fused Med. Upper panel shows direct binding of the Hiw region (aa 2218–3459) included in HWB1
to Med (aa 616–745), while no binding is observed with GST alone. The region of Hiw included in HWB2 did not bind to GST-Med. The middle
panel shows the input of purified GST or GST-Med. Some degradation was observed in GST-Med preparations. The lower panel shows the
in vitro translation products.
Similar to Hiw and Wit, Med and other components of estingly, the Med binding domain of Hiw includes the
region used to generate the partial Hiw transgene, Hiw-the BMP signaling cascade are required in presynaptic
neurons for NMJ development, and we show that the DN, that produces a dominant-negative hiw phenotype
when expressed in the nervous system (Wan et al.,Tkv receptor is concentrated at the NMJ. We demon-
strate that both Med and wit mutants can suppress the 2000). The results of yeast two-hybrid experiments to-
gether with in vitro binding results show that Med andNMJ overgrowth of hiw mutants, and while activation
of BMP signaling cannot produce excessive synaptic Hiw proteins can interact and that the MH2 region of
Med is sufficient for this interaction.growth in the presence of Hiw, in hiw mutants, activation
of BMP signaling does produce additional synaptic
overgrowth. These experiments reveal that Hiw nega- Med Is Part of the BMP Signaling Cascade
tively regulates a presynaptic BMP signaling cascade Essential for Synaptic Growth
that promotes synaptic growth. We have previously reported that NMJ synapses in wit
and gbb mutants are much reduced when compared to
wild-type (Aberle et al., 2002; McCabe et al., 2003). WeResults
predicted that Med mutants might have similar synaptic
defects and thus might have been isolated in our pre-Hiw Binds to the Co-Smad Med
To search for proteins that interact with Hiw, we carried viously described genetic screen for synaptic develop-
ment of the Drosophila NMJ (Parnas et al., 2001; Aberleout a yeast two-hybrid screen of a Drosophila cDNA
library using two regions of the Hiw protein as bait et al., 2002). From this screen, we identified several lethal
mutant complementation groups that show a dramatic(HWB1: aa 2063–3461; and HWB2: aa 4082–5233) (Fig-
ure 1A). From a screen of 4  107 transformants, we reduction in the number of NMJ synaptic boutons, the
phenotype we observed in wit and gbb mutants (Aberleisolated three candidate proteins that interacted posi-
tively with HWB1 and one candidate protein that showed et al., 2002, McCabe et al., 2003). We genetically mapped
two lethal complementation groups with this phenotypepositive interaction with HWB2. One of the three candi-
date proteins that interacted with HWB1 was identified and confirmed one as containing mutations in the Med
gene. We identified five new alleles of Med and identifiedas the C-terminal region of the second mad homology
domain (MH2) of Med (aa 616–745) (Figure 1B). The Med the mutations in three of these mutants. MedC246 con-
verts Y324 to a stop codon, and MedG112 and MedK465clone did not self-activate, and when we tested positive
interaction by cotransforming the Med clone together both contain mutations in the splice donor site of exon
4 of the Med gene. Each of these mutations is predictedwith either HWB1 or HWB2, we found a strong interac-
tion with HWB1 but no interaction with HWB2 (data not to disrupt the production of the C terminus of the Med
protein including the MH2 domain. MedC246 behaved asshown). Furthermore, GST-fused Med protein was able
to bind to in vitro translated preparations of Hiw, while a genetic null allele and was used for further analysis.
The other mutant complementation group was an alleleGST alone did not (Figure 1C). The binding region for
Med was between amino acids 2063 and 3461 of Hiw of the R-Smad gene Mad. We could not detect any
changes in the Med coding region of this mutant, so(included in HWB1), while binding was not observed
with the region of Hiw found in HWB2 (Figure 1C). Inter- we used existing characterized alleles for further study
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Figure 2. Med and BMP Signaling Mutants
Have Smaller NMJ Size
Wild-type NMJ synapses at muscles 6 and 7
and (inset) muscle 4 synapses (A). MedC246/
Df(3R)Kpn-A mutant synapses have reduced
numbers of NMJ synaptic boutons and syn-
aptic elaboration (B). MadB65/Mad1 (C) and
sax4/Df(2R)SaxH9 (D) have similar reductions
in NMJ size. tkv1/tkv7 (E) and tkv1/tkv8 (F) are
both hypomorphic mutant combinations but
also show a reduction in NMJ size. All geno-
types are imaged using CD8-GFP-SH.
(Sekelsky et al., 1995). Mutants in Mad and Med have al. (2003). sax mutants have reduced larval body size
similar to Mad and Med mutants. Strong mutants of thea dramatic decrease of both the elaboration and number
of synaptic boutons at the NMJ compared to wild-type other type I BMP receptor, Tkv, die as embryos, so we
examined hypomorphic mutant combinations (Brummel(Figure 2A versus Figures 2B and 2C). These mutants
also have reductions in larval body size, including mus- et al., 1994). tkv7/tkv1 mutants survived to third instar
and showed a dramatic reduction in NMJ size (Figurecle size.
Having found that mutants in the type II BMP receptor 2E); however, tkv7 is reported to be an antimorph (de
Celis, 1997; Jazwinska et al., 1999), making interpreta-wit (Aberle et al., 2002; Marque´s et al., 2002) and the
intracellular Smad signaling molecules Med and Mad tion of this result difficult. We found, however, that the
weak hypomorphic viable combination tkv1/tkv8 alsohad dramatic effects on NMJ growth, we wanted to
identify the type I BMP receptors that could transmit showed a significant though less dramatic reduction in
NMJ size (Figure 2F). We also examined mutants of thethe neuronal signal initiated by Wit to Mad and Med.
We therefore examined existing mutations in type I re- type II BMP receptor punt, which has recently been
shown to play a redundant role with Wit in neuronalceptors for effects on neuromuscular junction growth.
We found that strong mutants of the type I BMP receptor remodeling in the Drosophila brain (Zheng et al., 2003).
Strong alleles of punt (punt135-22/punt51) can survive tosax (Xie et al., 1994) could live until the third larval instar
and that NMJ size in these mutants was dramatically third instar when cultured at 18C (Simin et al., 1998).
punt mutants also had reduced body and muscle size,reduced (Figure 2D) when compared to wild-type. Simi-
lar results have recently been reported by Rawson et but the number of synaptic boutons in these mutants
Highwire Regulates TGF- Signaling at Synapses
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Table 1. Synaptic Size Is Decreased in BMP Mutants
Percentage of Wild-Type Bouton Number/Muscle Surface Area
MedC246/Med3 38.2  0.9 Mad1/Df(2L)C28 53.7  1.3 sax4/Df(2R)Sax-H9 44.1  1.0 tkv8/tkv1 71.6  1.9
MedC246/witHA3 91.3  2.7 Mad1/witHA3 95.9  2.2 sax4/witHA3 85.2  3.6 tkv8/witHA3 88.8  2.4
Quantification of the number of synaptic boutons on muscle 6/7 divided by muscle surface area and normalized to wild-type for homozygous
and heterozygous BMP mutant combinations. n  25 for all genotypes.
was normal (data not shown). We examined Med, Mad, An important question remained as to the localization
of the receptor signaling complex. We have previouslytkv, and sax mutants for defects in axon guidance and
innervation. Axons in these mutants appeared to de- shown that transgenic Wit could be detected at neuro-
muscular junctions; however, we were unable to identifyvelop normally, and muscle innervation was not different
from wild-type (data not shown). the subcellular localization of endogenous Wit (Aberle
et al., 2002). We first examined the localization of trans-
genic epitope-tagged Tkv and Sax (Haerry et al., 1998)Med, Mad, Tkv, and Sax Transmit a Wit Signal
The phenotypes of Med, Mad, tkv, and sax mutants are when overexpressed in motoneurons. Both of these
transgenic proteins were highly localized at the neuro-consistent with these proteins’ being involved in the
transduction of the Wit signal; however, we wanted to muscular junction (Figure 3H; and data not shown). We
next examined the distribution of endogenous Tkv us-test this hypothesis further. First, we found transhetero-
zygous genetic interactions between wit mutants and ing an affinity-purified polyclonal antibody generated
against the kinase domain of Tkv. We detected concen-mutants of Med, Mad, tkv, and sax. Removal of one
copy of wit and one copy of either Med, Mad, tkv, or trations of Tkv at the neuromuscular junctions of wild-
type third instar larvae (Figure 3H). Tkv appeared to besax resulted in a significant reduction of neuromuscular
junction size (Table 1). Genetic interactions of this type concentrated in the presynaptic terminal, as staining
colocalized with the presynaptic marker cysteine stringindicate that these proteins may function in the same
genetic pathway. protein (Figure 3I) but was distinct from postsynaptic
marker CD8-GFP-SH (Figure 3J). Presynaptic localiza-Second, we found that the accumulation of phosphor-
ylated Mad (P-Mad) in the embryonic nervous system tion of BMP receptors at the NMJ is consistent with
a muscle-derived retrograde BMP signal (McCabe etis dependant on the presence of both Tkv and Sax.
Phosphorylated Mad accumulates in the nuclei of Dro- al., 2003).
sophila motoneurons during embryogenesis (Figure 3A),
and this accumulation is specifically absent in wit mu- Med Mutants Have Defects in Neurotransmitter
Release and Synaptic Ultrastructuretants (Marque´s et al., 2002). We examined the distribu-
tion of P-Mad in tkv and sax mutant embryos using a The NMJ phenotype of Med, Mad, tkv, and sax mutants
is similar to wit and gbb mutants, so we tested whetherspecific antibody (Tanimoto et al., 2000). We found that
P-Mad does not accumulate in the nuclei of motoneu- these mutants had similar aberrations in neurotransmit-
ter release and synaptic ultrastructure. We examinedrons in either sax or tkv mutants (Figures 3B and 3C).
The requirement for Tkv and Sax in addition to Wit for spontaneous and evoked release in Med, Mad, tkv, and
sax mutants and wild-type controls by intracellular re-accumulation of P-Mad in motoneuron nuclei supports
the hypothesis they signal together. In contrast, mutants cordings from muscle 6 of segment A3. Evoked excit-
atory junctional potentials (EJP) of Med, Mad, tkv, andof the type I Activin receptor babo do not affect the
accumulation of P-Mad in motoneurons (Figure 3D). sax mutants all showed a decrease in amplitude when
compared to wild-type (Figure 4A). The most severeWe tested the ability of Sax and Tkv to rescue the
synaptic defects and lethality of wit mutants. We con- reduction in EJP was found in Med and sax mutants,
while tkv and Mad mutants showed a less severe reduc-structed a pair of chimeric receptors: one with the extra-
cellular domain of Wit fused to the intracellular domain tion. We also examined the amplitude of spontaneous
miniature excitatory junctional (mEJP) potentials inof Tkv (Wit::Tkv) and the other with the extracellular
domain of Tkv fused to the intracellular domain of Wit these mutants. We found that Med mutants showed
a small but statistically significant reduction in mEJP(Tkv::Wit). Ubiquitous expression of these pairs of con-
structs in wit mutants fully rescued both viability and amplitude when compared to wild-type (Figure 4B). The
frequency of spontaneous release in these mutants wasneuromuscular junction size (Figure 3E versus Figure
3F). This experiment supports the hypothesis that Wit significantly reduced in Med and sax mutants as com-
pared to wild-type. Quantal content measurements indi-signals together with Tkv. We also constructed a similar
pair of chimeric receptors, utilizing the extracellular and cated that Med, Mad, tkv, and sax mutant synapses all
had a dramatic reduction in neurotransmitter releaseintracellular domains of Sax in place of those of Tkv.
In contrast to Tkv::Wit chimeric receptors, ubiquitous compared to wild-type (Figure 4B). The defects we ob-
serve in neurotransmitter release in Med, Mad, tkv, andexpression of both of these Sax::Wit chimeric receptors
in wit mutants did not rescue viability and only poorly sax mutants are consistent with those in wit and gbb
mutants (Aberle et al., 2002; Marque´s et al., 2002;rescued neuromuscular junction size (data not shown).
This result implies that even though the type I receptor McCabe et al., 2003).
We examined serial cross-sections of Med, Mad, tkv,Sax is required for neuromuscular junction growth, it is
not sufficient to transmit the Wit signal. and sax mutant synaptic boutons at muscles 6 and 7 of
Neuron
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Figure 3. BMP Signaling Components Trans-
mit the Wit Signal to the Nucleus
(A–D) Staining in the CNS of receptor mutants
shows that Tkv and Sax are required for nu-
clear accumulation of P-Mad. All embryos are
viewed from the ventral side at approximately
stage 15 of development. P-Mad staining is
shown in green, while dapi staining is in blue.
(A) yw wild-type embryo. (B) A saxhrv1 null
homozygote. The arrow indicates residual
P-Mad staining in the midgut. (C) A tkv8/
Df(2l)tkv2 embryo. (D) A babo32 null homozy-
gous embryo has wild-type P-Mad levels.
(E) NMJ at muscle 6 and 7 of a wit mutant
(witHA3/witB11) imaged with CD8-GFP-SH.
(F) A wit mutant rescued with Tkv::Wit chime-
ric receptors (Ub-Wit::Tkv; witHA3/Ub-Tkv::Wit;
witB11). NMJ size is rescued.
(G–J) The Tkv receptor is localized at the
NMJ. (G) UAS-Tkv-HA receptor expressed
with OK6-GAL4 and stained with anti-HA lo-
calizes to the NMJ of muscle 6 and 7. (H) Tkv
(green) detected at wild-type NMJ boutons
with an anti-Tkv antibody. Tkv colocalizes
with the presynaptic marker cysteine string
protein (red). (I) Larger magnification view of
Tkv- and CSP-stained boutons. (J) Tkv
(green) does not colocalize with the postsyn-
aptic marker CD8-SH (red), indicating that
Tkv is concentrated in the presynaptic ter-
minal.
third instar larva by electron microscopy. Gross synap- similar to the defects we observed in wit and gbb mu-
tants (Table 2) (Aberle et al., 2002; McCabe et al., 2003).tic ultrastructure appeared normal in these mutants,
though we did observe a small population of large vesi-
cles distinct from and unlike synaptic vesicles (Figures Med Is Required in Presynaptic Neurons
for NMJ Growth4C–4G). We also found a breakdown in the close associ-
ation of the pre- and postsynaptic membranes at active Highwire is expressed only in neurons (Wan et al., 2000),
but Med, Mad, tkv, and sax are widely expressed inzones in these mutants, with intermittent ruffling or in-
vagination of the presynaptic membrane at sites within many tissues during development, including in both the
CNS and muscle (data not shown). To dissect the rolethe active zone (Figures 4J and 4K). We quantified the
synaptic bouton characteristics of Med, Mad, tkv, and of these proteins in neuromuscular junction growth from
requirements in the development of other tissues, wesax mutants and compared them to the characteristics
of wild-type boutons (Table 2). We found that mutant performed transgenic rescue experiments. We rescued
Med, Mad, tkv, and sax mutants by transgenic rescueboutons were approximately the same size as wild-type
boutons; however, the bouton surface area per active using the Gal4 system (Brand and Perrimon, 1993): in
the nervous system with elav-GAL4 (Luo et al., 1994) orzone was increased. We also noted that the bouton
surface area per T bar was decreased when compared in muscle with either MHC-GAL4 (Schuster et al., 1996)
or G14-GAL4 (Aberle et al., 2002). Transgenic rescue ofto wild-type. The synaptic ultrastructure defects we ob-
serve in Med, Mad, tkv, and sax mutants are strikingly each mutant in muscle significantly restored muscle size
Highwire Regulates TGF- Signaling at Synapses
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but failed to rescue NMJ bouton numbers (e.g., Med NMJ, a phenotype reminiscent of that observed in hiw
mutants (Di Antonio et al., 2001). If neuronal overexpres-mutants in Figure 5B). Only rescue in the nervous system
restored the number of NMJ synaptic boutons to wild- sion of deubiquitinating enzymes truly phenocopies the
overgrowth observed in hiw mutants, one would expecttype levels (e.g., Med mutants in Figure 5C). Interest-
ingly, presynaptic rescue of these mutants also rescued this phenotype to be suppressed by disruption of BMP
signaling. We tested this hypothesis by the pan-neu-muscle size to some extent, perhaps indicating the re-
quirement of a presynaptic BMP signal for an antero- ronal overexpression of a transgenic yeast deubiquiti-
nating enzyme UBP2 in wild-type, wit, and Med mutantgrade signal required for muscle growth. It is unlikely
that this anterograde effect could be due simply to resto- larvae (Figure 6). While neuronal overexpression of
UBP2 caused a doubling of the number of boutons inration of normal neurotransmitter release, since both wit
and hiw mutants have profoundly disrupted neurotrans- wild-type larvae, it failed to lead to any synaptic overex-
pansion in wit or Med mutant larvae (192.75  11.97 formission but only mildly aberrant muscle growth.
UAS-UBP2;elav-Gal4 [n 16] compared to 65.25 4.93
for UAS-UBP2;Med/,elav-Gal4 [n  16] and 65.02 Synaptic Overgrowth in hiw Is Dependent
1.9 for UAS-UBP2;wit/,elav-Gal4 [n  16]). Synapticupon BMP Signaling
overgrowth caused by pan-neuronal overexpression ofHaving established that Med is part of a presynaptic
Fat Facets was similarly suppressed by the genetic re-signaling chain essential for normal synaptic growth and
moval of Med (data not shown). Together with the ge-that Med binds to Hiw, we asked whether we could
netic evidence described above, these results provideestablish a genetic link between the hiw and Med mutant
strong support that Hiw regulates BMP signaling viaphenotypes. We predicted that the excessive synaptic
ubiquitination mechanisms.boutons found in hiw mutants might be dependant upon
Med as part of its function in the presynaptic BMP sig-
naling cascade. Our results confirmed this prediction. Activation of BMP Signaling Enhances Synaptic
Overexpansion in hiw MutantsGenetic removal of 50% of Med in hiw mutants led to
a moderate but statistically significant reduction in the A simple scheme would suggest that as BMP signaling
is critical for synaptic growth, activating BMP signalingnumber of synaptic boutons in hiw mutants (195.5 
7.37 for hiw/ compared to 167.6  8.67 for hiw// in neurons should give rise to expanded synapses. We
chose to test this idea by activating BMP signaling in twoMed	/, p 
 0.05) (Figure 6E). This indicated that the
excessive synaptic boutons produced in hiw mutants ways. First, we overexpressed transgenic constitutively
activated Tkv or Sax (Holley et al., 1996; Hoodless etare dependant on the levels of Med. Furthermore, com-
plete genetic removal of Med in hiw mutants caused a al., 1996) in motoneurons using OK6-GAL4 (Aberle et
al. 2002) or elav-GAL4 (Luo et al., 1994). Presynapticstrong suppression of the number of synaptic boutons
in hiw mutants (Figure 6C). When the number of synaptic activation of BMP signaling with either of these con-
structs did not result in a significant increase in theboutons was corrected for differences in muscle size,
we found no statistically significant difference between number of NMJ synaptic boutons (Figure 7A), though
we did occasionally see some alterations in synapticMed mutants and hiw;Med double mutants (Figure 6E).
These results demonstrate that the excessive synaptic structure. Second, we tried to antagonize or activate
BMP signaling by manipulating levels of the inhibitoryboutons produced in hiw mutants are dependent on the
presence Med. Smad Dad (Tsuneizumi et al., 1997). Dad is an inhibitor
of BMP signaling, and Dad mutants have been shownNext we examined hiw;wit double mutants and found
that the excessive number of synaptic boutons in hiw to increase BMP signaling in imaginal tissue. We first
overexpressed UAS-Dad (Tsuneizumi et al., 1997) inmutants was also suppressed when Wit was removed
(Figure 6D). This indicated that synaptic overgrowth in motoneurons using OK6-GAL4. This resulted in a dra-
matic reduction in NMJ size (data not shown), as wouldhiw mutants requires not only Med but also intact pre-
synaptic BMP signaling. We did note that while the num- be predicted by Dad’s inhibiting BMP signaling; how-
ever, this experiment is not informative about Dad’sber of synaptic boutons was lower in double mutants
of hiw;Med and hiw;wit when compared to wild-type, in normal role, if any, in BMP signaling in motoneurons.
We therefore examined the larval neuromuscular junc-some cases the synaptic span in these double mutants
was still slightly larger than that in wild-type (Figure 6D, tions of three mutant combinations of Dad (DadJ1e4/
Dad271-68, DadJ1e4/DadJ1e4, and Dad271-68/Dad271-68) (Tsunei-for example). In addition, we observed that synaptic
boutons in hiw;Med or hiw;wit synapses were smaller zumi et al., 1997; Henderson et al., 1999). None of these
Dad mutant combinations showed any significantthan wild-type and appeared more similar to those found
in hiw mutants (Figure 6A versus Figures 6B–6D). These change in the number of NMJ synaptic boutons (data
not shown). We concluded that increasing levels of BMPobservations suggest that other signals may be involved
in controlling these aspects of synaptic growth. Our data signaling by activating receptors or removing inhibitory
Smads is not sufficient alone to induce overgrowth ofshow that the disruption of the BMP signaling by the
removal of either Med or Wit is sufficient to reduce the neuromuscular synapses. This is also consistent with
our previous finding that even a several-fold overexpres-number of synaptic boutons in hiw mutants to the level
found in Med or wit mutants alone, implying that synap- sion of Wit in motoneurons does not induce NMJ over-
growth (Aberle et al., 2002), despite the ability of overex-tic overgrowth in hiw is completely dependent upon
BMP signaling. pressed type II receptors to activate signaling even in
the absence of ligand (Feng and Derynck, 1996; Tomo-Overexpression of deubiquitinating enzymes in the
nervous system leads to synaptic overgrowth at the yasu et al., 1998).
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Figure 4. Med and BMP Signaling Mutants Have Reduced Neurotransmitter Release and Defects of Synaptic Ultrastructure
(A) Representative traces of evoked and spontaneous potentials from wild-type (CD8-GFP-SH), MedC246/MedC246, Mad1/Mad12 , sax4/sax5, and
tkv1/tkv8 mutant larvae. EJPs show an average of ten consecutive recordings (at 0.5 Hz) for each genotype. mEJPs show continuous recordings
in the absence of stimulation in wild-type and MedC246 mutants. Calibration: 5 mV/20 ms for EJPs; 2.5 mV/200 ms for mEJPs.
(B) Bar graph of mean values for mEJP amplitude, mEJP frequency, EJP amplitude and quantal content among the indicated genotypes.
Quantal content is lower in all mutants compared to wild-type. Statistical significance is indicated: *p 
 0.05, **p 
 0.001.
(C–M) Electron micrographs depicting cross-sections through a type I bouton of muscles 6/7 in wild-type (C), Med (D), Mad (E), sax (F), and
tkv larvae (G). The subsynaptic reticulum (SSR), active zones with T bars (asterisks), and a single mitochondrion (m) are labeled in each bouton.
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Table 2. Morphometric Data for Muscle 6/7 Boutons of Third Instar Wild-Type, Med, Mad, sax, tkv, and wit Mutants
T Bars per Bouton Surface Area Bouton Surface Area T Bodies per % Detachment of
n Active Zone per Active Zone (m2) per T bar (m2) Bouton Presynaptic Membrane
Wild-type 18 0.61  0.03 1.01  0.08 1.73  0.19 0.0 3  1 (n  16)
med 4 1.57 0.18* 1.93  0.13* 1.28  0.16 0.0 57  5 (n  11)
mad 7 1.41 0.19* 1.46  0.09* 1.12  0.12 0.0 37  4 (n  28)
sax 5 1.55 0.21* 1.76  0.23* 1.16  0.12 3.2  1.3 70  4 (n  13)
tkv 6 1.22 0.12* 1.46  0.18* 1.22  0.13 0.0 10  2 (n  16)
wita 17 1.28  0.14 2.01  0.25 1.78  0.29 2.4  0.7 44  3 (n  22)
*p 
 0.001 for T bars per active zone; *p 
 0.05 for bouton surface area per active zone, compared to wild type, Student’s t test.
a From Aberle et al. (2002).
We hypothesized that the inability to produce synaptic presynaptic signaling cascade that includes three cell
surface receptors (Wit, Tkv, and Sax) and two intracellu-overgrowth by activating BMP signaling in otherwise
wild-type animals could be explained if Hiw negatively lar transcription factors (Med and Mad) that transmits
a BMP signal from the NMJ to the motoneuron nucleus.regulated levels of synaptic BMP signaling. If this hy-
pothesis is correct, then removal of Hiw should release We show that genetic removal of either Med or Wit
can completely suppress the synaptic overgrowth inthis control. We tested this by overexpression of a con-
stitutively active Tkv transgene (UAS-Act-Tkv) in hiw hiw mutants, while activation of BMP signaling in hiw
mutants produces even more synaptic growth. Thesemutants. While overexpression of this transgene alone
did not cause any synaptic overgrowth as previously findings provide evidence for a functional link between
the action of Hiw and BMP signaling to control synapticmentioned (Figure 7A), overexpression in hiw mutant
larvae led to a 45% increase in the number of synaptic growth at the Drosophila NMJ.
boutons (Figure 7C) (synaptic bouton numbers: UAS-
Act-Tkv  elav-GAL4: 93.39  4.30, n  18; hiw/: BMP-Regulated Transcription Controls
191.01  10.36, n  22; hiw/;UAS-Act-Tkv  elav- Synapse Growth
GAL4: 280.308.11, n22). When corrected for muscle Previously, we have demonstrated that the type II BMP
surface area, hiw/;UAS-Act-Tkv  elav-GAL4 has a receptor Wit and the BMP ligand Gbb are required for
30% increase in the number of boutons per muscle synaptic growth at the neuromuscular junction (Aberle
surface area over hiw/ (Figure 7D). These experiments et al., 2002; Marque´s et al., 2002; McCabe et al., 2003).
are consistent with Hiw inhibiting excessive BMP signal- While Wit is required in presynaptic neurons for normal
ing at synapses and show that when Hiw is removed, NMJ growth, the requirement for Gbb in postsynaptic
activation of BMP signaling can induce even further syn- muscles is consistent with a retrograde BMP signal. Yet
aptic overgrowth than that already present in hiw mu- it was not clear from these studies how Wit carried out
tants. this function, whether by a local signaling mechanism
within the synapse or via a signaling cascade. We now
provide evidence that strongly suggests BMP signalingDiscussion
through Wit regulates synaptic growth primarily by alter-
ing transcription. Two lines of evidence support thisWe have demonstrated that Hiw, a putative RING-H2
E3 ubiquitin-protein ligase, negatively regulates a BMP conclusion. First, mutants of both of the Smad transcrip-
tion factors Med and Mad have similar defects in synap-signaling cascade required for the normal growth and
function of neuromuscular synapses in Drosophila. hiw tic growth, presynaptic ultrastructure, and function to
mutants of the cell surface receptors wit, tkv, and sax.mutants have a dramatic overexpansion of synaptic
structures, with many more synaptic boutons than wild- Second, we observe that phosphorylated Mad is absent
from the nucleus of motoneurons in wit, sax, and tkvtype. We isolated the co-Smad Med in a yeast two-
hybrid screen for proteins that interact with Hiw, and mutants. The absence of P-Mad in the nuclei of
motoneurons in BMP receptor mutants combined withwe confirmed direct binding between Hiw and Med
in vitro. In contrast to hiw mutants, mutants of Med have the similarity of synaptic phenotypes between mutants
in receptors and mutants of intracellular Smads arguessmaller synapses and many fewer synaptic boutons
compared to wild-type. We show that Med is part of a that BMPs exert their influence on synapses primarily
Abnormal “T body” structures previously seen in wit and gbb mutants are also visible within the boutons of sax (F) mutants (thick arrows).
Atypical regions of active zone cleft material and postsynaptic membrane extending away from the presynaptic membrane can be seen in
Mad (E) and sax (F) boutons (arrowheads). A small population of large vesicles (arrows) is visible within the boutons of Mad mutants (E).
Section of a sax bouton showing three electron dense T bodies with synaptic vesicles clustered around them (H). The close apposition of
presynaptic and postsynaptic membranes characteristic of active zones in wild-type boutons (I) is disrupted to varying degrees in active
zones of Med (J), Mad (K), sax (L), and tkv (M) boutons. The presynaptic membrane appears detached (arrows in [J]–[M]) from the normal looking
postsynaptic membrane and cleft material. However, in adjacent areas, the presynaptic membrane has a normal appearance (arrowheads in
[J]–[M]). In Mad (K) and sax (L) mutants, in addition to this presynaptic membrane defect, the postsynaptic membrane and attached cleft
material occasionally extended beyond the presynaptic margin of the active zone (thick arrows) and away from the presynaptic membrane.
Scale bars: 1.0 m (C–G), 175 nm (H), 100 nm (I–K).
Neuron
900
Figure 5. Med and Other BMP Signaling Components Are Required in Presynaptic Neurons
(A) NMJ of muscle 4 in a MedC246/Med3 mutant.
(B) Restoration of Med in the muscles of Med mutants (UAS-Med; MedC246/G14-GAL4; Med3) does not rescue NMJ size.
(C) Restoration of Med in the nervous system of Med mutants (UAS-Med; MedC246/elav-GAL4; Med3) rescues NMJ size to that of wild-type.
(D) Bar graph of the number of synaptic boutons per muscle surface area (MSA) as a percentage of wild-type (WT) of MedC246/Med3, Mad1/
Df(2L)C28, sax4/Df(2R)SaxH9, and tkv1/tkv8 mutant larva. Rescue of mutants by muscle expression of the appropriate rescue construct does
not restore NMJ size. Rescue of mutants by neuronal expression of the appropriate rescue construct restores NMJ size to wild-type levels.
Similarly, expression of a dominant-negative Tkv construct (UAS-DN-Tkv) inhibits NMJ growth when expressed in neurons but not in muscles.
n  25 for all genotypes; **p  0.001.
by signaling to the nucleus rather than having a local All our data therefore suggest that Wit, Tkv, and Sax
receive a retrograde BMP signal from muscles by Gbbsynaptic activity.
The specificity of synaptic BMP signaling seems to (and possibly other BMP ligands) at the NMJ and trans-
mit this signal to the nucleus via Mad and Med to inducebe maintained by Wit, which is expressed only in the
nervous system, while Med, Mad, Tkv, and Sax are found transcriptional change. This neurotrophic signal is es-
sential for the coordination of presynaptic NMJ expan-in many tissues. This conclusion is supported by the
finding of developmental defects in many tissues such sion with postsynaptic muscle growth.
While BMP signaling plays an essential role in neuro-as the fat body in Med, Mad, tkv, and sax mutants that
are not found in wit mutants. Recently, in an independent muscular junction expansion, BMP signaling mutants
also have dramatic reductions in the levels of neuro-study, Rawson and colleagues also found synaptic de-
fects in sax and Mad mutants (Rawson et al. 2003). We transmitter release and aberrant presynaptic ultrastruc-
ture at active zones. Several pieces of data suggest thehave extended these studies by demonstrating that Med
and Tkv, in addition to Mad and Sax, are required in role of BMP signaling in the regulation of neurotransmit-
ter release may be separable from its role in synapticpresynaptic neurons for normal NMJ growth, and mu-
tants of all these molecules have similar characteristic growth. Restoration of Gbb in the nervous system of
gbb mutants can rescue neurotransmitter release todefects in presynaptic active zone ultrastructure. We
further show that Tkv and Wit function together in vivo wild-type levels while not restoring normal synaptic size
(McCabe et al., 2003). This result is reminiscent of Fas-by rescuing wit mutants with a pair of Tkv::Wit chimeric
receptors, and we show that Tkv is localized at the NMJ. ciclin II mutations, which also have reduced synaptic
Highwire Regulates TGF- Signaling at Synapses
901
Figure 6. BMP Signaling Is Required for Ex-
cessive Synaptic Boutons in hiw Mutants
NMJ synapses at muscles 6 and 7 of wild-
type (A), hiwEMS mutant (B), hiwEMS;MedC246
double mutant (C), hiwEMS;witHA4 double mu-
tant (D), UAS-UBP2;elav-Gal4 (E), and UAS-
UBP2;wit/,elav-Gal4 (F) larvae imaged us-
ing CD8-GFP-SH. All synapses are at the
same magnification. Synapses are greatly ex-
panded in hiw mutants compared to wild-
type ([A] versus [B]). The removal of Med or
wit suppresses synaptic expansion in hiw
mutants ([B] versus [C] and [D]). Similarly,
synaptic overgrowth induced by the neuronal
expression of the deubiquitinating enzyme
UBP2 is also suppressed by the removal of
wit ([E] versus [F]). (G) Bar graph of number
of synaptic boutons per muscle surface area
(MSA) as a percentage of wild-type of indi-
cated genotypes. The removal of 50% of Med
caused a statistically significant suppression
of synaptic expansion in hiw mutants (p 

0.05). WT, n  22; hiw/, n  20; Med/,
n 26; hiw/;Med/	, n 14; hiw/;Med/,
n  26; wit/, n  18; hiw/;wit/, n  22;
UAS-UBP2;elav-Gal4, n  16; UAS-UBP2;
wit/,elav-Gal4, n  16; UAS-UBP2;Med/,
elav-Gal4, n  16; **p 
 0.001.
size but normal neurotransmitter release (Schuster et ative regulatory process that tightly controls the levels
of synaptic BMP signaling. Our results show that Hiwal., 1996). Furthermore, we have recently shown that Wit
is necessary for the homeostatic regulation of neuro- is a key and necessary component of this regulatory
transmitter release (Haghighi et al., 2003). It may be process.
that the involvement of BMP signaling in this process Hiw is an extremely large protein, making in vitro con-
is independent of, but complementary to, its role in regu- firmation of its ubiquitination activity difficult. Despite
lating synaptic structural growth. the absence of direct biochemical data, several lines
of evidence suggest that Hiw does function as an E3
ubiquitin ligase. Hiw has a signature RING-H2 finger, aHiw Regulates Synaptic BMP Signaling
domain that has a general function in ubiquitin-mediatedDespite the central requirement for BMP signaling in
protein degradation (Freemont, 2000). RING fingers cansynaptic growth, when we attempted to increase BMP
function as modules that interact with E2 ubiquitin-con-signaling in motoneurons, we did not observe any syn-
jugating enzymes to catalyze ubiquitination (Lorick et al.,aptic overgrowth beyond wild-type levels. We explain
these observations by proposing the presence of a neg- 1999). Futhermore, hiw mutants have a strong genetic
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a model whereby Hiw negatively regulates BMP signal-
ing at the NMJ by a ubiquitination-dependant mecha-
nism, antagonizing BMP signaling and controlling syn-
aptic growth.
In support of this model, we show that Hiw specifically
binds Med protein in both yeast two-hybrid and in vitro
binding assays. This is consistent with a function for
Hiw as an E3 ubiquitin ligase, as these proteins specifi-
cally bind to their substrates before targeting them for
proteolysis (reviewed in Ciechanover et al., 2000; Pick-
art, 2001). Unfortunately, several antibodies against
mammalian Smad4 failed to detect Med, precluding
assays of Med’s ubiquitination status. Interestingly,
however, the region in Hiw that interacts with Med is
included in the sequence of a partial Hiw transgene, Hiw-
DN, that causes synaptic overgrowth when expressed in
the nervous system (Wan et al., 2000). As this transgene
does not include the RING finger domain, its dominant-
negative effect could be mediated by its ability to inhibit
the binding of Med by endogenous Hiw. In addition to
physical interaction between Hiw and Med, we demon-
strate that genetic removal of Med suppresses the in-
crease in the number of synaptic boutons in hiw mutants
to Med mutant levels. This implies that the dramatic
increase in the number of synaptic boutons in hiw mu-
tants is completely dependant upon the presence of
Med. This increase is also suppressed by wit mutants,
showing that it is Med’s role as part of a BMP signaling
cascade that mediates its suppression of hiw. Further-
more, we show that synaptic overgrowth due to the
overexpression of the deubiquitinating enzymes Faf or
UBP2 is also suppressed by disrupting BMP signaling.
These results together support the model whereby Hiw
regulates BMP signaling via a ubiquitin-dependent
mechanism.
We also show that overexpression of a constitutively
active Tkv type I receptor transgene in neurons does
not cause any overgrowth at the NMJ. Similarly, loss-
of-function mutants of the inhibitory Smad, Dad, did not
show any synaptic overgrowth in our hands. Consistent
with our model that Hiw regulates BMP signaling, we
show that in hiw mutants, activation of BMP signaling
can now lead to further synaptic overgrowth. This sug-
gests that while hiw mutants may have elevated levels
of BMP signaling, further activation of the BMP pathway
can induce yet more synaptic growth. By activating BMPFigure 7. Activation of BMP Signaling Leads to Further Expansion
signaling using transgenic constitutively active type Iof Synapses in hiw Mutants but Not in Wild-Type
receptors, we presumably can bypass other factors thatNMJ synapses at muscles 6 and 7 of UAS-activated Tkv  elav-
Gal4 (A), hiwEMS (B), and hiwEMS;UAS-activated Tkv  elav-GAL4 (C) could conceivably limit the signal, such as the availabil-
imaged using CD8-GFP-SH. All synapses are at the same magnifica- ity of Wit or Gbb.
tion. While overexpression of activated Tkv in neurons does not In contrast to our findings, dad mutants have pre-
cause any significant increase in the number of synaptic boutons viously been reported to produce large numbers of extra
compared to wild-type (A), it leads to further expansion of the NMJ
synaptic boutons (Sweeney and Davis, 2002). While thisin hiw mutants ([B] versus [C]). (D) Bar graph of the number of
study examined only one homoallelic mutant combina-synaptic boutons per muscle surface area (MSA) as percentage of
tion of dad, we examined several homo and heteroallelicwild-type. WT, n  22; UAS-activated Tkv  elav-GAL4, n  26;
hiw/, n  26; hiw/;UAS-activated Tkv  elav-GAL4, n  22; mutant combinations, to eliminate the possibility of sec-
**p 
 0.001. ond site mutations, and were unable to confirm their
result. Thus the discrepancy remains unresolved. Con-
sistent with our data here, we have previously shown
interaction with the deubiquitinating enzyme Fat Facets that overexpression of Wit cannot induce synapse over-
(DiAntonio et al., 2001). Overexpression of either Fat growth (Aberle et al., 2002), despite the ability of overex-
Facets or the yeast deubiquitinating protease UBP2 in pressed type II receptors to activate signaling in the
presynaptic neurons produces a synaptic overgrowth absence of ligand (Feng and Derynck, 1996; Tomoyasu
phenotype very similar to the hiw mutant phenotype et al., 1998). Our results are also supported by the recent
findings of Rawson et al. (2003).(DiAntonio et al., 2001). Given this evidence, we propose
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Both HIS3 and ADE2 were used as reporters for positive interaction,While our data indicate that synaptic structural growth
further confirmed using a LacZ assay.can be controlled by Hiw regulating BMP signaling, neu-
Construction of Baitsrotransmitter release at the NMJ does not seem to be
Two Hiw EST clones, LD12 (aa 2063–3461, HWB1) and LP10764 (aa
governed by an identical mechanism. BMP mutants 4082–5233, HWB2), were cloned into pGBDU-C1 vector (James,
have decreased neurotransmitter release, in addition to 2001). These baits did not self-activate.
cDNA Libraryreduced numbers of synaptic boutons, when compared
A  phage pACTII (Clontech) cDNA library from Drosophila embryosto wild-type. In contrast, hiw mutants have many more
was used (gift of S. Elledge).synaptic boutons than wild-type, but despite this, neuro-
transmitter release in hiw mutants is also reduced to
In Vitro Protein Interaction Assaylevels similar to that of BMP mutants. Interestingly, dou-
The method is described in Hu et al. (2001). Briefly, Med (aa 616–745)ble mutants of hiw;wit or hiw;Med have levels of neuro-
was cloned into pGEX-KG (Guan et al., 1991). HWB1, HWB2, and
transmitter release similar to those of wit or Med mutants HWB1b (Hiw aa 2218–3459) were cloned into pCITE-4a	 and pCITE-
alone (A.P.H and C.S.G, unpublished data). This result 4b	 (Novagen). Fusion proteins were prepared as crude bacterial
lysates and purified with Glutathione Sepharose 4B beads (Phar-indicates that role of Hiw in controlling neurotransmitter
macia). HWB1, HWB1b, and HWB2 were translated in vitro with 35Srelease is distinct from its role as a negative regulator of
Met (Promega) and used in an in vitro binding assay (Pharmacia)synaptic structural growth. Our previous results support
with GST-fused Med.this idea; the unknown retrograde signal that controls
the homeostasis of neurotransmission at the NMJ is
Identification of Med and Mad Mutants
disrupted in wit mutants (Haghighi et al., 2003) but re- We isolated mutants which affect synaptic development in an F2
mains functional in hiw mutants (DiAntonio et al., 2001). screen of the second and third chromosomes as previously de-
Other aspects of the hiw mutant phenotype also appear scribed (Parnas et al., 2001, Aberle et al., 2002, McCabe et al., 2003).
Five novel mutants of Med and one novel mutant of Mad wereto be independent of BMP signaling. Individual synaptic
identified using conventional mapping techniques. DNA was ex-boutons size is reduced in hiw mutants, a phenotype
tracted from homozygous mutant larvae and used to sequence thenot observed in BMP mutants and not suppressed by
Med and Mad genes.
the inhibition of BMP signaling in hiw mutants. Also, the
excessive degree of synaptic branching and arboriza-
Fly Stocks
tion observed in hiw mutants is only partially suppressed The following fly stocks were used: sax: sax4, saxP, and Df(2R)sax-
by the disruption of BMP signaling. It is likely therefore H9 a (Nellen et al., 1994; Twombly et al., 1996); tkv: tkv1, tkv7, and
that Hiw regulates other molecules responsible for these tkv8 (Nellen et al., 1994); Mad: Mad1, Mad12, and Df(2L)C28 (Sekelsky
et al., 1995); Med: Med3, Df(3R)Kpn-A, Df(3R)E40, and Df(3R)E(sina)aspects of synaptic development.
(Raftery et al., 1995); Put: put135-22, put51, and put10460 (Letsou et al.,
1995) dad: Dad271-68, Dad1E4, P[UAS-Dad] (Tsuneizumi et al., 1997);How Is Synaptic Growth Maintained?
and hiw: hiwEMS (Wan et al., 2000), P[UAS-UBP2], and EP(381)Faf
We suggest a model whereby a positive BMP signaling (DiAntonio et al., 2001). Mutant larva were identified using GFP or
cascade is negatively regulated by the ubiquitin-protein Tb marked balancers.
For transgenic BMP signaling activation, we used P[UAS-ligase action of Hiw on the Smad Med. This model,
TkvA]8B3, P[UAS-TkvA]Bx, or P[UAS-TkvA]2D2 in order of decreas-however, leaves an important question unanswered:
ing potency or P[UAS-SaxA]6A3 (Hoodless et al., 1996). Activityhow is the balance between these two opposing forces
was confirmed using the wing driver A9-GAL4. For transgenic BMPmaintained? We cannot fully answer this question with
signaling inhibition, we used P[UAS-DNtkvGS]IF2 and P[UAS-
our current knowledge, but we can suggest some sce- DNSax]11A2 (Haerry et al., 1998). For rescue experiments we used
narios. One possibility is that the level of phosphorylated P[UAS-Tkv]2A2, P[UAS-Sax]4A3, P[UAS-Mad], and P[UAS-Med]5B.
The GAL4 lines OK6-GAL4 and G14-GAL4 are described in AberleMad competes for binding of Med with Hiw. Once phos-
et al. (2002). Construction of chimeric receptors is described inphorylated by type I receptors, Mad forms a complex
Marque´s et al., (2003)with Med, and the formation of this complex is required
for efficient signaling to the nucleus (Massague, 1998).
Microscopy, Immunohistochemistry, and ElectrophysiologyIt is conceivable that an equilibrium exists between the
RNA in situ hybridizations, larval dissections, immunohistochemis-binding of phosphorylated Mad to Med and the binding try, and conventional electron microscopy were carried out as de-
of Med to Hiw. This equilibrium could potentially act to scribed (McCabe et al. 2003). Intracellular recordings were per-
set a consistent level of BMP signaling and thus normal formed on muscle 6, segment A3, in dissected third instar larvae
as previously described (Haghighi et al., 2003).synaptic growth at the NMJ. Another alternative is that
the ability of Hiw to block BMP signaling could be regu-
Acknowledgmentslated by a third protein that is itself under the transcrip-
tional control of BMP signaling. In this scenario, activa-
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Wellcome Trust Prize Traveling fellowship. A.P.H. was supported bypossibilities to further dissect the opposing molecular
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